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ABSTRACT 

static  fatigue  resistance  of  a  sintered  silicon  nitride  was  as¬ 
sessed  at  elevated  temperature  in  air.  The  material  was  developed  for  heat 
engine  applications.  No  difference  in  ambient  or  elevated  temperature  be¬ 
havior  was  noted  for  the  injection-molded  or  slip-cast  versions.  The  ma^ 
terial  can  maintain  150  MPa  flexural  stress  for  up  to  1000  hours  at  1200PC 
but  is  susceptible  to  slow  crack  growth  and  creep  phenomena  at  higher 
stresses.  f>,\  \  c>,  >  \  ~>V  ’  \V  i  \£U>  \j  '-.ij  o  t  l  .  M  i.  I  •./ 
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INTRODUCTION 


IS 


Sintered  silicon  nitride  holds  promise  for  applications  in  new  high  performance 
engines.  This  report  presents  strength  and  static  fatigue  results  for  a  new  form  of 
sintered  silicon  nitride  suitable  for  such  applications.  Similar  testing  has  been 
previously  performed  and  presented  for  a  wide  range  of  high  performance  ceramics. 

MATERIAL 

The  sintered  silicon  nitride  tested  is  a  commerically  available  material  contain¬ 
ing  6  w/o  Y2O3  and  2  w/o  AI2O3  sintering  aids.*  This  material  has  undergone  processing 
development  resulting  in  high  strength  and  good  oxidation  resistance. 5-8  Two  methods 
of  near-net  shape  fabrication  were  used  to  prepare  the  material. 

Slip  casting  was  used  to  produce  disk  samples  with  sintered  dimensions  approxi¬ 
mately  7.0  cm  diameter  and  0.95  cm  high.  Two  disks  were  produced  which  had  sintered 
densities  of  3.23  g/cm^  as  determined  by  the  Archemedes  method.  Injection  molding  was 
used  to  fabricate  35  bars  of  size  0.39  x  0.74  x  5.6  cm  that  had  densities  between  3.20 
g/cm-*  and  3.23  g/cm^.  Both  materials  were  sintered  above  1800°C  in  a  nitrogen  atmo¬ 
sphere.  Flexure  specimens  measuring  0.22  x  0.28  x  5.1  cm  were  ground  with  a  320  grit 
final  longitudinal  surface  finish  and  chamfered  along  the  edges.  The  geometric  density 
of  both  slip-cast  and  injection-molded  bars  averaged  3.23  g/cm^  with  a  standard  devi¬ 
ation  of  0.01  g/cm^.  Polished  sections  of  both  injection-molded  and  slip-cast  forms 
revealed  that  the  material  was  fully  dense  with  negligible  residual  porosity.  X-ray 
diffraction  discerned  8  Si3N4  and  a  minor  second  phase  which  could  not  be  identified. 

EXPERIMENTAL  PROCEDURE 

The  room  temperature  (RT)  flexure  strength  was  determined  to  serve  as  a  reference. 
Four-point  flexure  was  used  with  spans  of  2.03  cm  x  4.06  cm  and  a  crosshead  rate  of 
0.13  cm/min.  Relative  humidity  was  20%  to  35%.  Sixteen  specimens,  each  of  injection- 
molded  and  slip-cast  materials,  were  tested. 
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Elevated  temperature  testing  in  air  began  with  stepped  temperature  stress  rupture 
(STSR)  experiments 9  which  were  intended  to  discern  any  usual  temperature  problems 
in  the  800°C  to  1 22 S°C  temperature  range.  Additional  isothermal  stress  rupture  ex¬ 
periments  were  done  at  1 200°C  which  is  a  temperature  common  to  earlier  studies. ' 
Flexural  fixtures  had  spans  of  1.91  cm  x  3.81  cm.  Applied  stresses  were  computed 
using  the  elastic  formulation."  Additional  details  of  the  experimental  procedure 
are  in  Reference  I.  Permanent  tensile  strains  at  the  surface  (0.057  to  27)  were  eval¬ 
uate  by  photographically  enlarging  the  specimen  curvature  and  measuring  the  midspan 
deflection  relative  to  the  inner  load  bearing  points. 


RESULTS 

The  room  temperature  strengths  of  the  injection-molded  and  slip-cast  specimens 
are  similar  as  shown  in  Table  1  and  Figure  1.  The  Weibull  parameters  were  evaluated 
by  a  least  squares  fit  to  a  two-parameter  function^  The  characteristic,  strength  indi¬ 
cated  is  the  stress  corresponding  to  the  63  percent  failure  probability  of  the  flexure 
specimens.  The  strength  distribution  differences  are  not  statistically  significant 
given  the  scatter  in  the  data.  The  strengths  are  somewhat  below  those  reported  in 
Reference  8,  but  this  is  not  surprising  since  the  latter  were  generated  with  smaller 
specimens  in  three-point  flexure.  The  most  common  strength-limiting  defects  were 
pores  or  porous  zones,  often  having  a  planar  aspect  suggestive  of  a  seam  or  crack. 
Occasionally,  iron  inclusions  or  possibly  machining  damage  (the  latter  in  the  very 
high  strength  specimens)  were  strength  limiting.  Similar  defects  have  been  previously 
reported  in  this  material.® 


Table  1.  ROOM  TEMPERATURE  FLEXURAL  STRENGTH  (MPa) 


Average 

Strength 

Standard 

Deviation 

Weibul 1 
Modulus 

Flexure  Specimen 
Characteristic 
Strength 

Slip 

651 

109 

5.8 

702 

Injection 

634 

86 

7.5 

675 

Molded 

Figure  2  illustrates  the  STSR  sequence  used  for  this  study.  The  specimens  were 
loaded  and  maintained  at  800°C  for  twenty-four  hours.  The  temperature  was  then  in¬ 
creased  as  shown,  with  twenty-four  hour  holds  at  each  step.  Each  labelled  arrow  des¬ 
ignates  one  experiment;  the  arrow  indicates  the  time  of  failure  (or  survival  after 
1225°C),  and  the  number  gives  the  applied  elastic  stress  in  MPa.  Eleven  slip-cast 
and  nine  injection-molded  specimens  were  tested.  The  results  show  that  there  is  no 
significant  difference  between  the  slip-cast  and  injection-molded  material.  Inter¬ 
granular  crack  growth  zones  were  evident  on  the  fracture  surfaces  of  the  specimens 
which  failed  at  1 1 00°C  and  1225°C.  The  specimens  which  reached  1 225°C  had  significant 
permanent  creep  strains  (of  the  order  of  tenths  of  percent)  indicating  a  creep  frac¬ 
ture  regime.  At  lower  temperatures  (800°C  to  900°C) ,  optical  microscopy  revealed 
that  there  were  no  prominent  crack  growth  zones.  Failures  were  preferentially  from 
surface-connected  porous  zones,  similar  to  those  observed  in  the  room  temperature 
reference  specimens.  None  of  the  specimens  showed  evidence  of  catastrophic  oxidation 
reactions  characteristic  of  some  silicon  nitrides  fabricated  with  yttria  additives. 


O  Mi /I  when- a  is  stress,  M  is  tin-  applied  moment,  I  isjhc  moment  ol  inertia,  and  c  is  the  half-hcipht  of  the  specimen. 


lire  ranking  probability  used  was  i/N+l.  where  i  is  the  i  datum  and  N  is  the  total  number  of  specimens. 

9.  t.HJINN.  ( » .  I).,  and  K.\  I/.,  R.  N.  Stepped  Temperature  Strew  Rupture  Test  in  ft  of  Silicon  Based  Ceramics 
v.  51.  no.  II.  1 97H.  p.  1057. 
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Figure  1.  Weibull  plot  of  the  room  temperature  strength  of  sintered  silicon  nitride 
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Figure  2.  Stepped  temperature  stress  rupture  (STSR)  results. 


Both  slow  crock  growth  from  preexisting  flows  ond  creep  Fracture  mechanisms  of 
static  fatigue  were  detected  by  the  1 200°C  isothermal  stress  rupture  experiments  shown 
in  Figure  3.  The  observed  crack  growth  patterns  are  believed  to  fall  into  two  cate¬ 
gories  dependent  on  the  applied  stress.  Under  high  stresses  (greater  than  300  MFo) , 
t imes-to-fail ure  and  creep  strains  were  small  (<  0.2%).  Intergranular  crack  growth 
zones  were  observed  centered  upon  the  same  flaw  type  which  were  strength  limiting 
in  the  room  temperature  specimens  (Figure  4).  Figure  3  suggests  the  fast  fracture 
strength  at  1 200°C  would  be  about  400  MPa ,  which  is  comparable  to  earlier  published 
da  ta .  8 

Specimens  under  lower  stress  (150  MPa  to  300  MPa)  had  considerable  creep  strain 
(~0.4%)  after  10  hours  and  strains  as  high  as  1.5%  to  2.0%  after  1000  hours.  These 
specimens  showed  numerous  creep  cracks  on  the  tensile  surface  (Figure  5),  some  extend¬ 
ing  deeper  than  half  the  specimen  thickness  (Figure  b)  .  Such  creep  cracks  are  often 
associated  with  cavitation  due  to  grain  boundary  sliding  which  may  not  necessarily 
involve  preexisting  flaws. 


ing 

and 


Similar  observations  showing  the  presence  of  both  slow  crack  growth 
flaws  and  creep  fracture  have  been  presented  for  hot-pressed  silicon 
for  sintered  silicon  nitride.^ 
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WINN.  (i.  I).  T'raclnrc  Mechanism  Map  /or  Hot  Pressed  Silicon  Nitride.  To  he  published  in  Ceramic  Proceeding,  1984. 

10.  WINN,  (..  I).  Static  I'olif.’uc  in  High  Performance  Ceramics.  Proceedings  of  a  Symposium  on  Methods  for  Assessing  the  Structural 
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Figure  4.  a)  Fracture  surface  of  a  specimen  that  failed  in  0.2  hours  at  1200  C.  The 

anows  point  out  a  slow  crack  growth  zone.  Creep  strain  was  0.1%.  b)  Close-up  of  the  SCG  zone  showing  that  it  is 
mtoi  gi  anular. 


Figure  5.  Tensile  surface  of  a  specimen  that  failed 
after  76  hours  at  1200°C  with  a  200  MPa  applied 
stress.  Numerous  creep  cracks  are  evident.  The 
creep  strain  was  0.8%. 
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Figure  6.  Fracture  surface  of  a  specimen  that  failed 
at  108  hours  at  1200°C.  The  applied  stress  was  150 
MPa  and  the  final  creep  strain  was  0.8%.  The  arrows 
delineate  the  creep  crack  growth  zone. 


CONCLUSION 


The  slip-cast  and  injection-molded  sintered  silicon  nitride  demonstrate  similar 
mechanical  behavior  at  ambient  and  elevated  temperature.  Crack  growth  zones  were 
evident  on  specimens  tested  at  1000°C  and  above."  The  observed  creep  and  crack  growth 
behavior  are  intergranular  which  undoubtedly  involves  the  grain  boundary  phase. 

At  1 200°C  and  under  high  stress  (  >300  MPa),  crack  growth  is  initiated  from 
preexisting  flaws  with  short  times-to-failure  and  small  creep  strains.  Surface- 
connected  porous  zones  may  be  especially  vulnerable  sites  for  static  fatigue  phenomena. 
Under  lower  stress  (130  MPa  to  300  MPa),  specimens  have  longer  times-to-failure, 
higher  creep  strains  (>0.4%),  and  exhibit  multiple  noncatastrophic  cracks  on  the 
tensile  surface.  This  extensive  creep  cracking  is  characteristic  of  a  creep  fracture 
mode  of  static  fatigue. 

This  sintered  silicon  nitride  can  maintain  a  reasonable  l^d-beaiy.ng  capability , 
up  to  1200°C  for  long  durations,  but  this  is  accompanied  by  substantial  slow  crack 
growth  and  creep.  Further  processing  work  on  this  system  may  lead  to  improved  grain 
boundary  phase  refractoriness  and,  thus,  improved  creep  and  static  fatigue  resistance. 
Lowering  the  alumina  content  is  one  method  of  improving  the  high  temperature  proper¬ 
ties.®  Preliminary  findings  indicate  that  a  silicon  nitride  fabricated  with  6  w/o 
Y2O3  and  no  alumina  had  vastly  superior  elevated  temperature  strength,  crack  growth, 
and  creep  res i stance . ® *  1 2  However,  a  trade-off  in  fabr icabi 1 i ty  occurs  for  such 
compos i t ions . 
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Subsequent  to  the  writing  of  this  report,  nineteen  additional  specimens  were  tested  in  stress  rupture  at  1000  C.  1  levcn  time  dependent 
failures  occurred  due  to  slow  crack  growth  at  stresses  from  400  to  600  MPa.  The  nineteen  experiments  suggested  a  fatigue  curve  similar 
to  I  igurc  3,  but  shifted  to  higher  stresses. 
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ihipf,  Navs1  Air  Propulsion  center.  Science  and  Technology 
Group,  System!.  Technol  c  zy  Division,  Bor  7176,  Pt  34 
T»*pnton,  f.J  38626 
'.  ATT-,;  vr.  Joseph  w.  Glatz 


’  *  '-’mes.  2401  Eye  Street',  N . . ,  Washington, 
Murray  A.  Schwu-'tZ 


Department  of  Commerce,  National  Bureau  of  Standards, 

»asf ir  ;tor .  DC  ''02  34 

ATT'.  D>- .  Sheldon  v.  wieoerhorn,  Inorganic  Materials 
Divis  or-,  Mechanical  Properties  Group 

Nat  ■  r*n.3  bureau  of  Standards,  Building  223, 
ua  •tn*^s"  ir  m;-  2089V 
;  «T”N  Mr.  „e'..-r  ChuC* 

I  >.  N.  Tiqhe,  Deformation  and  Fracture  Division 

1  't  ‘  .  r  r  wirr.an 

1  ft'charc  Field,  Metallurgist 

D*  .  *  .  F  u  ’  1  or 

orr ’ :  i ee  or  Approp*- 1  at  ions,  Room  SD-152,  Dirksen  Senate 
r^'iomq,  Washington,  DC  20510 
.  a***..  v*  .  Charles  D.  Estes,  Professional  Staff  Member 

Ap;-rc-pr  ■  at  ions  Committee,  Subcommittee  on  Interior  and 
Related  :-.nnt>,  B - 30-  Ravburn  Building,  Washington, 

:\:a  i 

.  A  *  T  %  .  Mr  .  %e  i '  Si  Ompr- 

.  M-  jse  cf  Representatives,  Committee  on  science  and 
*  f  >  r»  r  ' f  -  g  y ,  Suite  i.  ->2  1 ,  Rayburn  House  Office  building, 
tif.'  nr  .  CO  30616 

*  N  ‘-V  .  oar  lan  l.  Watson,  Subcommittee  on  Energy 
Research  and  Production 

.  uouse  r1  Representative'..  Committee  on  Science  and 
Technology,  Roo"  2321  Raybjrr  Building,  Washington, 

1  A T 7 h •  **r  .  Anthony  C.  T  /io**,  Staf*  Director,  Subcommittee 
or.  Transport-*1,  - -jr .  Avia’jm  and  Materials 

Department  of  Defense.  i4d'V  *  ls^-r.  Boulevard,  Arlmqton, 

VA  22209 

1  ATTN:  Or.  Steven  G.  «3» ,  Mater: a* '  Science  Division, 
Advanced  Ansearrn  :  »"•  1*<C  *  '  -.qr-n;  y 


Department  c*  Energy.  10C;C  Independence  Avenue,  *ash inGtor . 

DC  2U6S6 

C  ATTN:  Mr.  Richard  T.  Alpj.jqr,  and  Dr.  ft.  E.  Shult2,  Cf'  K- 
of  Vehicle  &  Engine  R8.0,  CL  - 1 31  F0RS7*. 

1  Mr.  Albert  A.  Chesnes.  Director,  Technology  Develop¬ 

ment  und  Analysis,  Office  Of  Vehicle  f.  Enoine  k&L, 

CE  -131  Fiipstl’ 

1  f )r .  v-.  Eberhardf ,  Office  oT'  Energy  Systems  Research, 

CL - 1 42  FOPS’: 

Department  of  Energy,  Washington,  DC  20646 
1  ATTN:  Mr.  Stanley  J.  Dapkunas,  Office  of  Technical  Coordina¬ 
tion,  Fossil  Energy  Technical  Coord  mat  ion  Staff. 
FE-24  GTN 

1  Dr.  John  W.  Fairbanks,  Office  of  Advanced  Energy  Con¬ 

version,  FE-22  GTN 

1  Dr.  Robert  J.  Gottschall,  Office  of  Material  Sciences. 

FR-131  GTN 

Department  of  Energy,  550  2nd  Street,  Idaho  Falls,  IE  63401 
1  ATTN:  Mr.  W.  H.  Thielbahr,  Chief,  Energy  Programs  Branch, 
Idaho  Operations  Office 

Battelle  Columbus  Laborator les ,  605  Mng  Avenue. 

Columbus,  OH  43201 
1  ATTN:  Winston  Duckworth 
1  Dinesh  Snettv 

1  Dr.  Dale  £.  Niesz,  Manager,  Materials  Department 

Argonne  National  Laboratory,  Bu.ldmg  362,  9700  South  r.ass 
Avenue,  Argonne,  II  60439 

1  ATTN:  Mr.  Larry  Johnson,  Director,  Center  for  Transporta!  ior. 
Research 

Los  Alamos  National  Laboratory,  F.t.  Be*  1663,  Los  Aiamot, 

NM  87545 

1  ATTN:  Dr.  S.  S.  HecKer,  Deputy  Division  Leader.  Material 
Science  and  Technology  Division,  G- 756 
1  *  Frank  D.  Gac,  CMB-6,  MS  G77G 

1  Dr.  J.  Petrov ic ,  CMB-5,  MS  730 

1  Mr.  S.  R.  Skaggs,  Program  Office,  MS  F -682 

Oak  Ridge  National  Laboratory,  P.0.  Box  x.  Oak  Ridge, 

TN  37331 

1  ATTN:  A.  C.  Schaf f hauser ,  Building  4508,  MS  113 
1  Or.  R.  Johnson,  Building  4508,  MS  113 

1  E.  L.  Long.  Building  4506,  MS  119 

1  V.  J.  Tennery.  Building  4500S.  B-160 

1  Dr.  P.  Becher,  Building  4500S,  S-274 

1  J.  Carpenter 

Sandia  National  Laboratories,  P.0.  Box  5800, 

Albuquerque,  NM  87185 

1  ATTN:  Dr.  E.  Beaucamp,  Ceramics  Development  Division 
1  Robert  E.  Cuthrell 

1  R.  J.  Eagan 

National  Research  Council,  National  Materials  Advisory 
Board,  2101  Constitution  Avenue,  Washington  DC  20418 
1  ATTN-  Dr.  Richard  H.  Spriggs 
1  Dr.  Klaus  M.  Zwilsky,  Executive  Director 

National  Science  Foundation,  Division  of  Materials  Research, 
1800  G  Street,  N.W.,  Washington,  DC  20550 
1  ATTN:  Dr.  Louis  E.  Toth 

National  Aeronautics  and  Space  Administration,  Energy 
Systems  Office,  Code  REC-1,  Washington,  DC  20546 
1  ATTN:  Dr.  Philip  R.  Compton 

National  Aeronautics  and  Space  Admin i strat ion,  Goddard 
Space  Center,  Greenbelt,  MD  20771 
1  ATTN:  Thomas  Heslin,  Code  313.1 

National  Aeronautics  and  Space  Administration,  Lewis 
Research  Center,  21000  Brookpark  Road,  Cleveland, 

OH  44135 

3  ATTN:  Dr.  T.  Miller,  Mr.  fiomas  P.  HerbeH,  and 
Dr.  S.  Dutta,  Mail  Stop  49-1 

i  Dr.  h.  B.  Probst,  Chief,  Non-Metallic  Materia’s 

Branch,  Materials  Division,  Mail  Stop  49-3 
1  Dr.  Michael  Millard,  Materials  Division,  5131 

1  Mr.  Robert  C.  Evans,  Assistant  Manager,  Vehicular 

Gas  Turbine  and  Diesel  Project  Office 

Alfred  university,  22  South  Mam  Street,  Alfred,  Nv  14802 
]  ATTN:  Prof  v.  D.  Frechette 
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Copies 


To 


Alfred  University,  New  York  State  College  of  Ceramics, 

22  South  Ma in  Street,  Alfred,  NY  1480? 

>  ATTN:  James  R.  Varner,  Associate  Prof. 

1  Dr.  *.  Richard  Ott 

3rcw>'  niversHy,  Department  of  Chemical  Engineering, 
Providence,  RI  02912 

1  ATTN:  Prof.  Thomas  Rockett 

Case  l.estern  Reserve  University,  Department  of  Metallurgy, 
Cleveland,  OH  44106 

2  ATTN:  Prof.  A.  Cooper  and  Prof.  Arthur  H.  He.er 
Columbia  University,  Director  of  Center  for  Strategic 
Material^,  11 3/  S.W.,  Mudd  Building,  New  York,  NY  100?/ 

1  Dr.  John  K.  Tien 

Georgia  Institute  of  Technology,  Atlanta,  GA  30331 
1  ATTN:  EMSL/EES,  J.  D.  Walton 

!  iwa  State  University,  Department  of  Materials  Science 
and  Engineering,  Aries,  1A  buOll 
1  ATTN:  Or.  Thomas  0.  McGee 

Johns  Hopkins  University,  Applied  Physics  Laboratory, 

Laurel,  "0  d.  }J0 

?  ATTN:  R.  K.) 1  y  reader  and  Louis  0.  W'eckesser 

Massa-  husetts  Institute  of  Technology,  Department  of 
Metallurgy  aid  r.’.f'THh  Science,  Cambridge,  MA  02139 
1  ATTN:  Prof.  K.  Bowen,  Room  12-009 
1  Prof.  R.  L.  Uule 

Michigan  Technical  University,  Department  of  Metallurgical 
Engineering,  Houghton,  Ml  49931 
1  ATTN:  Dr.  B.  Pletka 

North  ,rol  ma  State  University,  Materials  Engineering 
Department,  232  Riddick  Laboratory,  Raleigh,  NC  27650 
i  ATTN:  Prof.  Robert  F.  Oav’S 

V..rth  ..jriilma  State  University,  Engineering  Research 
-erv»ces  Division,  215-'  Burlington  Engineering  Laboratories, 
b'  *  5995,  Raleigh,  NC  C/607 
1  ATTN:  Dr.  Hayne  Pa Imoir  III 

m  io  State  University,  (eramic  Engineering  Department, 

(T ■  j 4 1  \ 1 1 eqe  Road,  l oi ambus,  OH  43210 
1  ATTN:  Prof.  Dennis  Readey,  Department  Chairman 

Pennsylvania  state  diversity.  Department,  of  Materials 
Nc  tenet  jn-j  Engineering,  steidle  Building,  University 
Park,  *’A  16  02 

1  ATTN:  Prot .  Richard  Tress  l»'*r 

Rensselaer  Polytechnic  Institute,  Materials  Engineering 
Ue  part  "if.*  r,  t ,  T  r  *j  y ,  NY  1  ?  I  1 
1  ATTN:  Prof.  DoreniiS 

Rutgers  University,  Busch  'ampus.  Box  909 ,  Bowser  Road, 

P  isc  .a*  aw  ay,  N’  08854 

1  ATTN:  Dr.  Malcolm  G.  McLaren,  Head,  Department  of 
Ceramic 

Rutgers  University,  Department  of  ierjcnics,  P.0.  Box  901, 
pi  SC  at  away,  NJ  cm.jC4 
1  ATTN:  Dr.  John  B .  WKhtmar,  Jr. 

Te*as  A&M  University,  wi'  *  rr  jmeer  ms  Department,  College 
Ntatiin,  T<  <  i  -.43 
1  ATTN:  Dr.  Richard  ’.m  h apery 

diversify  of  i.a  1 1  torn  i  j ,  L  jwrem.  Bi-rkt-ley  Laboratory, 

264  Hear st  Mining  BjiMieg,  Berkeley,  A  94/20 
i  ATTN:  Dr.  Anthony  G.  Ivans 

University  of  ' *1 1  forn ij,  Department  of  Materials  Science, 
Berkely,  LA  94/20 
1  ATTN;  Prof.  D.  Marshall 

University  of  California,  Lawrenc*3  l  ivnrmgre  Laboratory, 

P.0.  Box  803,  Livermom,  CA  94550 
1  ATTN-  Mr.  R.  L.  Landinghan 

University  of  California,  Department  of  Materials  science 
and  Engineering,  Los  Angelas,  CA  90024 
1  ATTN:  Prof.  George  Sines 

University  of  Delaware,  Center  for  Composite  Materials, 

2001  Spencer  Laboratory,  Newark,  0E  19/16 
1  ATTN:  Prof.  R.  Byron  Pipes 


On i vers ity  of  Illinois  at  Urbana-Champaign,  Department 
of  Ceramic  Engineering,  105  South  Goodwin  Avenue, 

Urbana,  IL  61801 

1  ATTN:  Prof.  Clifton  G.  Bergeron,  Mead,  Department  of 
Ceramic  Engineering,  RC4  Ceramics  Building 
1  Prof.  Sherman  0.  Brown,  /03  Ceramic'  Building 

1  Or.  S  ibhash  Rislud 

University  of  Massachusetts,  Depai  tmi-nt  or  Mkium k.  a  1 
Frig i neering,  Amherst,  MA  U 1 00 2 
1  ATTN:  Prof.  J.  Ritter,  Jr. 

1  Or.  k.  Jakus 

University  ot  Michigan,  Ann  Arbor.  V1  4'-;i  ;9 

2  AKN:  Prof.  T.  y.  Tien  and  Prof.  Aaiiac1,  Dep  irtmpnt 

of  Materials  and  Metal  1  .irgit  a  I  L  ng  nn.-u.-r  i  no 
1  Prof.  E.  Hucke 

University  of  Missouri  -  Ho' la,  I.D  f  <  ( r-  Hi!!. 

Rolla,  M0  65401-0249 
1  ATTN:  Prof.  Robert  Moore 

University  of  Washington,  ueat’le,  WA  9:195 

1  ATTN:  Prof.  R.  Bradt. ,  Mining,  Metallurgical  arid 

Ceramic  Group 

3  Or.  A.  F.  Emery,  Pro! .  Albert  S.  hobayashi,  and 
Or.  Raymond  Taggert,  Department  of  Mechanical 

Engineering,  FU-10 

2  Dr.  James  I.  Mueller  and  Charles  W.  Newguist, 

Ceramic  Engineering  Division,  FB-10 

University  of  Wyoming,  Composite  Materials  Research  Group, 
Mechanical  Engineering  Department,  Laramie,  WY  32071 
1  ATTN:  Prof.  Donald  F.  Adams 

Virginia  Polytechnic  Institute  and  State  University, 
Blacksburg,  VA  24061 

1  ATTN:  Dr.  0.  P.  H.  Hasselman,  Department  of  Materials 
Engineering 

1  Prof.  K.  L.  Keifsnider,  Department  of  Engineering 

Science  and  Mechanics 

Washington  University  at  St.  Louis,  Lindell  and  Skinker, 
Box  1087,  St.  Louis,  M0  63130 

1  ATTN:  Dr.  H.  T.  Hahn,  Department  of  Mechanical 

Engineer i ng 

Admiralty  Materials  Technology  Establishment,  Polle, 

Dorset  3H  16  bJiJ,  United  Kingdom 

2  ATTN:  Or.  0.  Godfrey  and  Or.  M.  Lindley 

Admiralty  Research  Establishment,  Holton  Heath,  Polle, 
Dorset,  BH  16  6JU,  United  Kingdom 
1  ATTN:  Mj  .  Keith  Pitman 

CSIR0  Advanced  Materials  Laboratory,  P.0.  Box  4331, 
Melbourne,  Victoria,  Australia  3001 
1  ATTN:  Dr.  M.  V.  Swain 

Denki  Kagaku  Kcgyu  Kabushiki  Kaisha,  Pan  American  Build¬ 
ing,  200  Park  Avenue,  New  York,  NY  10166 
1  ATTN:  Mr.  Yukio  Ohhara 

Kyocera  Corporation,  Central  Research  Laboratory, 

1-4  Yamashita  -  Cho,  Kokubo,  Kagoshima,  399-43,  Japan 
1  ATTN:  Dr.  Y.  Hamano 

Lucas  Cookson  Syalon,  Ltd.,  Cranmore  Boulevard,  Shirley- 
Sulihull,  West  Midlands,  B904LL,  United  Kingdom 
1  ATTN:  Dr.  E.  G.  Butler 

Materials  Research  Laboratories,  P.0.  Box  50,  A<_nt  Vale, 
VIC  3032,  Austral ia 
1  ATTN:  Dr.  f.  W.  Weaver 

National  Institute  for  Materials  Research,  P.0.  Box  395, 
Pretoria,  0001,  South  Africa 

1  ATTN:  Or.  B.  Berger 

Norton  Company,  3001  Daly  Street,  Niagara  Falls,  Ontario, 
Canada  L2G  6S2 

2  ATTN:  Dr.  Chris  Knapp  and  Dr.  R.  Trischuk 

SNECMA  Laboratorre  -  Section  YK0T5,  BP  81  91003, 

Fury  Eedex,  France 
1  ATTN:  Dr.  Daniel  Laroche 

Stiftelsen  Svensk  Detonikforskning,  Tt- 1  lusborgsvagen 
34-26,  P.0.  Box  32058,  S-126  11  Stockholm,  Sweden 
i  ATTN:  Or.  Finn  OuChterlong 


i  t ' &  i’r  hnii 1  ■  - ■  j y  , 

'.re.  %bi 

-  il  l  l  .  Beat  1/ 

1  I  .  MA  'll'  '  /' 

if i: :  IfiT/  ' •  i  ■.  i  •;  inn 

•’  MM  .Ir-.'Ct,  trill'"*-..'. 


i  'tv . ,  nh .if  j ,  V  4 b1  *'j 


'  ‘  r>‘. . ,  «s  1 


r.,  1  .  Map  I :  k.»  ul,  Troy,  1 

i,  :  ti .  ,  Manager,  F ng>».ppr  iny  M<jtor  mU, 

•  :  nr. . ■  1  : y  4»nfi«r,  A.itnnot  i ve  Technical 


,  '  ■  :t  t  I...  *A  »  ' lf’4 

v/f  ,  it  ••»■ »  ! ! ;  &  ;Voce'-ses  Laboratory, 


<•  i  i?  inn,  ri  Johnston  Road,  Marion,  VA  24364 

•Mr.'!  I  - .  V  it;r  ,  '■•■f p  Division 

i  1  and  Robert.  1.  Jnpo  1  .ind 

I  !  i»  Vait^r  lomp.m,,  l1"’1  N.E.  Mims,  Peon;, 

i  I 

* V .  John  M .  B.ii’.'v,  k*-',,  arch  Consultant,  Research 
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Research  i.nnpiny,  S-inrit.  Technical  Center, 
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V .  John  Gihimer.  Veri  ?r  Technology  Analyst 
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low  corning  l orpor at  ion.  Midland,  MI  •'♦GOGU 
1  ATTN:  Mr.  Net)  Langley 

The  Dow  !  hem  k a !  '  ompany,  M.  E .  Pru  i  1 1  !v  1  dy .  -  1  /  / 6 , 
lentral  Research  Inorganic  I  ah..  Midland,  Ml  <38640 
1  ATTM:  WiPiam  Rataniello 

Lit on  forporation,  JbJOl  Northwestern  Highway,  P.0.  Box  766 
Southfield,  Ml  48037 
1  ATTN:  Kenneth  A.  Hatcher 

1  Mr.  Thomas  J.  Wissit.g,  Manager,  Government  Contract 

Administration,  Engineering  and  Research  Center 

[.G&G,  Inc.,  Materials  Technology  Division,  Idaho  National 
Laboratories,  P.0.  Bo*  162b ,  Idaho  falls,  ID  83416 
?.  ATTN:  Dr.  Victor  Kelsey,  and  Dr.  Gary  Korth 

EATON  Operations  and  Technical  Center,  4201  North  ?7th  St. 
Milwaukee,  U I  b 32 1 6 

1  ATTN:  Dr.  T.  Kuczkowski,  Materials  Research 

LPRl,  P.ti.  Box  10412,  3412  Hillview  Avenue,  Palo  Alto, 
f.A  94304 

1  ATTN:  Dr.  A.  Cohn 

Fiber  Materials,  inc.,  Riddeford  Industrial  Park,  Biddcford 
0400b 

1  ATTN:  Dr.  h.  p.  Hatha 
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■u.-se.u  ch  Institute,  west  Bryn  Mawr  Avenue,  i-uago, 
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,:  I5?'.  Kinston  W.  Liang,  Project  Manager,  Indjs**'}! 


Oent.-r  1 1  electric  Lompauy,  P.O.  Bo*  527  ,  •  •• )  >f  Piissm, 

;V*  194/6 

/■-T T *« :  .-r.  Solomon  Vusikant,  Program  Manager,  Advanced 

Lm  *gy  Pro  gratis  Department 

C«  ut?!  il  Electric  Company,  Aircraft  Engine  Group,  Mill  Drop 
e-99,  Micinnati,  OH  45215 
*.  T  T  \ :  i r re n  A .  fie  1  son 

General  Electric  Company,  Mail  Drop  MG2,  !-75  and  Neumann 
Way,  Cincinnati,  OH  45215 
ATTN:  Dr.  John  S.  Erickson 

General  Electric  Company,  P.O.  [>o*  8,  Schenectady,  NY  l/.ilb 
mTTN:  Dr.  Curtis  A.  Johnson,  Dr.  R.  Giddings,  and  [Jr.  C. 
Greskovich,  Research  and  Development  Center 
Dr.  R.  J.  Charles,  Ceramics  Branch,  Physic  il  • hem istry, 
Chen i st*  y  Laboratory 
Chemistry  Laboratory 

Generii  Electric  space  Division,  Rm,  U42l^,  Bldg.  1  ‘ '0 , 

P. Bo*  2555,  Philadelphia,  PA  l9l0l 
ATTN:  Dr.  A.  Ismail  Abdel -I  at  if 

General  Dynamics  Corpor.it  ion,  P.O.  Bo*  .'507,  Pomona,  •  A  9l/t»(» 
••T7\:  Dr.  R.  Ha  Use,  Pomona  Division 

*0  Spark  Plug  bivisn-n  o»  General  Motors,  1 30U  North  [»ort 
H i ghwj y ,  Flint,  M l  48556 
mTTN:  Bernard  J.  Busovne,  Jr. 

Dr.  Frederick  L.  hennard,  III,  Supervisor,  Ceramics 

Research 

General  Motors  Technical  Center,  Research  Laboratories, 
Department  4J,  Genera)  Motors  Research,  Warren,  Ml  4;<U9D 
ATTN:  Mr.  Bill  Ale  ini,  and  Jerry  A.  Barendreght 

General  Motors  Corporation,  Allison  Gas  Turbine  Operations, 
P.O.  Box  420,  Indianapolis,  IN  46206-0420 
ATTN:  Or.  Peter  W.  Heitman,  W-5,  Mr.  H.  E.  Helms,  and 
Michael  Janovicz 

Mr.  Harold  L.  Stocker,  T-23,  Manager,  Low  Heat 
Rejection  Program 

Gobal,  50  Milk  Street,  15th  Floor,  Boston,  MA  02109 
ATTN:  Dr.  Bruce  Rubinger 

GTE  Products  Corporation,  Hawes  Street,  Towanda, 

PA  18848-0504 

ATTN:  Dr.  Carr  Lane  Quackenbush 

GTE  Laboratories,  40  Sylvan  Road,  Waltham,  MA  02154 
ATTN:  Dr.  J.  Thomas  Smith,  Director,  Precision 
Materials  Technology 

Dr.  Ary  id  E.  Pas  to,  Mr.  J.  Neal,  Dr.  M.  L.  Huckabee, 
and  Dr.  J.  G.  Baldoni 

GTE  Wesgo,  4 77  Harbor  Boulevard,  Belmont,  CA  94002 
ATTN:  Mr.  C.  Edmiston,  Dr.  D.  Milovic,  and  Dr.  Howard 
Mi zuhara 

Honeywell  Ceramics  Center,  1885  Douglas  Drive,  Golden 
Valley,  Mfl  55422 
ATTN:  Mr.  W.  Harrison 

Honeywell,  Inc.,  10701  Lyndale  Avenue  South,  Bloomington, 

MN  55420 

ATTN:  Dr.  B.  Koepke,  and  Dr.  K.  McHenry 

Hov*net  Turbine  Components  Corporation,  1600  South  Warner 
Road,  Whitehall,  MI  49461 

ATTN:  Mr.  Larry  G.  McCoy,  Ceramic  Products  Division 


IBM  Corporation,  1701  North  Street,  Induct  t.  Nr  13/ Jr* 

1  ATTN:  Dr.  Brent  Knifer,  1148/022-3 

III  Research  Institute,  ID  West  35th  Street,  i  linage, 

1 1  6U0l6 

1  AT T f: :  Mr.  S.  Bortz,  Director  ,  irr  nmci  Os.-jt  t  *; 

1  Dr.  David  C.  Larsen 

1  M  ,.  Jane  Adams 

Jet  Propulsion  Labor  .it. •*  n-s ,  •  -.H.  ■  n  vj*  «  .  •  .)»],*-,  i  e.eleni, 
i A  91103 

I  «TTf»:  Mr.  i  .  -urm,  I  •  *A 

1  All’ Mill  A.  1  dm  1  *  on ,  s  e..  I.-. 

1  James  G.  /wt‘.si*»  ,  Mr-ntu*  T«-  n.  ■  *rt 

1  [Jr.  Ric  har  d  '.me  ik 

kennamotal,  Inc.,  B<>*  u  •'  * ,  {'.»■*•**.**..•  I-.o.'l 

2  ATT'!:  Dr.  Bernard  V*r!h,  :■■<!  '•*,  _  .  ,  .  * .«<  ,  1.  ,• 

Kyocera  lntt-rriatiori.il,  .  iii* •  !  i  t  ..etc  .‘■j, 

Dec  Plaines.  It  tv  ml 
1  ATTN:  Nick  har  iya 

Lanxide  (.'•»«■  per' at  ion,  T  *•  j  I  •  I »« j  .  * »  i  j :  -  irk,  .  .  ,if  19/11 

1  ATTN :  Mr.  Stanley  : -8  / 

Lockheed  Missiles  and  Kpac  e  ; umpary,  In:..  P.D.  B.*«  su4, 

Sunnyvale,  C A  941586 

1  ATTN:  C.  D.  Himmelb)  .in,  Nr.  M.itcrijls  lngiu“*-t,  D/'I-j.t, 

8/154 

LTV  Vought  Missiles  arid  Advanced  IN  ograms  Dt.isuu., 

P.O.  Bo*  22590/ ,  Dallas,  Tx  / 5265 
1  ATTN:  Mr.  Douglas  I  re i tag.  Mail  Stop  Th-85 

Maremont  Corporal  ion,  891  North  Street,  saco,  ME  040/2 
1  ATTN:  Ernest  Bunrt  mg,  Saco  Defense  Systems  Division 

Mart  in  Marietta  Aerospace,  P.O.  !•>•*  58J7,  Mrlandu,  H.  32855 
l  AITN:  Larle  A.  Welsh,  305/352-3485,  Mail  Point  275 

Mart  in  Marietta  Laboratnr ies ,  1450  South  Rolling  Road, 
Baltimore,  Ml)  21227-3898 

1  ATTN:  Dr.  Vimal  K.  Pu  jar  i  ,  Scientist,  Advanced  (eramics 
1  Dr.  Albert  R.  L.  Westwood,  Corporate  Director 

1  Dr.  Jan  Skalny,  Associate  Director 

1  Ur.  J.  Venables 

Mechanical  Technology,  Iric.,  968  Albany-Shaker  Road,  Latham, 

NY  12110 

1  ATTN:  Mr.  Warren  F.  Bossier,  Manager,  Advanced  Programs  Branch 

2  S.  Gray  and  W.  P.  Sum i gray 

Norton  Company,  One  New  Bond  Street,  Worcester,  MA  01606 
1  ATTN:  Mr.  Robert  J.  Russell,  Divisional  Vice  President, 

Technology  and  Planning,  High  Performance  Ceramics 
1  Dr.  Anil  K.  Agarwall,  Product  Manager 

4  Dr.  Joseph  Panzarino,  Dr.  P,  0.  Charreyron,  Dr.  James 

Hannoosh,  and  Maurice  L.  Torti 

OKI,  Inc.,  1375  Piccard  Drive,  Rockville,  MD  20910 
1  ATTN:  Mr.  William  L.  Cleary,  Associate  Division  Director 

Pratt  and  Whitney  Aircraft,  P.O.  Box  2691,  West  Palm  Beach, 

FL  33402 

1  ATTN:  Mr.  Mel  Mendelson 

Raytheon  Missile  Systems  Division,  Bedford,  MA  01730 

3  ATTN:  Dr.  Peter  L.  Boland,  Joel  Speare,  and  Bruce  C.  Center, 

Staff  Engineer 

Raytheon  Research  Division,  131  Spring  Street,  Lexington, 

MA  02173 

2  ATTN:  Or.  R.  Gent il man  and  Dr.  E.  Maguire 

Rockwell  Internat lonal ,  6633  Canoga  Avenue,  Canoga  Park, 

CA  91304 

1  ATTN:  Dr.  Jack  R.  Lewis,  Manager,  Advanced  Technology  and 
Marine  Systems,  Materials  and  Processes  Rocketdyne 
Division 

1  Mr.  Harold  Carpenter,  M/S  0539/BA92 

Rockwell  International  Science  Center,  P.O.  Box  1085,  1049 
Camino  Dos  Rios,  Thousand  Oaks,  CA  91360 
1  ATTN:  Dr.  Frederic  Lange 

Signal  UOP  Corporate  Research  Center,  10  UOP  Plaza, 

Des  Plaines,  IL  60016 
1  ATTN:  Dr.  Steven  Gonczy 
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SOHJO  engineered  Materials  Company,  P.O.  Box  1054, 

Niagara  falls,  NY  1430? 

L  ATTN:  Or.  Jonathan  W.  Hinton,  Vice  President  and  General 
Manager,  Structural  Ceramics 

S0H10  engineered  Materials  Company,  P.0.  Box  832, 

Niagara  falls,  NY  14302 

1  ATTN:  [ir.  M.  Srinivasan,  Advanced  Materials  Division 

Si>)ar  Energy  Research  Institute,  161/  Cole  Boulevard, 
Golden,  CO  80401 
l  ATTN:  Mr.  Gary  Jorgensen 

Solar  Turbines,  Inc.,  P.0,  Box  80966,  2200  Pacific  Highway, 
San  Diego,  CA  92138 
l  ATTN:  Dr.  Arthur  Metcalfe 
1  Andrew  Russell,  MS  R-l 

Southern  Research  Institute,  P.0.  Box  3307-A,  Birmingham, 

AC  35205 

l  ATTN:  Mr.  H.  S.  Starrett 

Southwest  Research  Institute,  Culebra  Road,  San  Antonio, 

TX  /i  1284 

1  ATTN:  Dr.  J.  Lankford 

Systems  Research  Laborator ies,  2800  Indian  Ripple  Road, 
Dayton,  OH  45440 
1  ATTN:  Dr.  M.  G.  Mend i rat t a 

SRI  International,  333  Ravenswood  Avenue,  Menlo  Park, 

CA  94025 

1  ATTN:  Dr.  David  Rowel iffe  and  Dr.  Phil  Umhold 

Tam  leramiis,  Inc.,  Box  C,  Bridge  Station,  Niagara  Falls, 

NY  14305 

i  ATTN:  Roy  C.  Holmes,  Technical  Product  Manager 

Teledyne-CAC,  P.0.  Box  69/1,  Toledo,  OH  43612 
1  ATTN:  Mr.  R.  Beck 

Teledyne  Continental  Motors,  /6  Getty  Street,  Muskegon, 

MI  49442 

1  ATTN:  William  H.  Schimanski,  and  Michael  Moynihan 


Teresco,  Inc.,  P.O.  Bo*  226y,  Station  A,  Champaign,  IL  61820 
1  ATTN:  Morris  Berg 

TRW/Marl  in  Rockwell  Division,  402  Chandler  Street,  Jamestown, 
NY  14/Ul 

1  ATTN:  Michael  franklin 

United  Technologies  Research  Center,  5jilver  Lane,  East 
-tford,  CT  06108 
1  A. iN.  Dr.  F  Ga lasso 
1  Karl  M.  prewo,  MS -24 

Var i an/E 1MAC,  301  Industrial  Way,  San  Carlos,  CA  94070 
1  ATTN:  Mr.  S.  William  Kessler,  Materials  and  Processing 
Laboratory 

W.  R.  Grace  and  Company,  7379  Route  32,  Columbia,  MO  21044 
1  ATTN:  Kevin  E.  Bennet 

Warner^ Ishi ,  707  Southside  Drive,  Decatur,  IL  62525 
1  ATTN:  Hideaki  Matsuoka,  Director  of  Advanced  Technology 

Westinghouse  Research  and  Development  Center,  1310  Beaulah 
Road,  Pittsburgh,  PA  15235 

3  ATTN:  Dr.  D.  Wilson,  and  Dr.  S.  C.  Singhal,  Research 
Laboratory 

1  Dr.  Raymond  J.  Bratton,  Manager,  Ceramic  Science 

Williams  Internat ional ,  2280  West  Maple  Road,  P.O.  Box  200, 
Walled  Lake,  Ml  48088 

3  ATTN:  Mr.  William  Chapment,  Mike  Egan,  and  Warren  J. 

Pol  1  mgton 

W.  R.  Grace  Company,  Washington  Research  Center, 

7379  Route  32,  Columbia,  MD  21044 

1  ATTN:  Dr.  Roy  Rice,  Director,  Materials  Research 

Army  Materials  and  Mechanics  Research  Center,  Watertown, 

MA  021/2-0001 

2  ATTN:  AMXMR-PL 

1  Author 
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